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Label-free identification of human coronary
atherosclerotic plaque based on a
three-dimensional quantitative assessment of
multiphoton microscopy images
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Abstract: The rupture of coronary atherosclerotic plaque (CAP) and the resulting intracoronary
thrombosis account for most acute coronary syndromes. Thus, the early identification and
risk assessment of CAP is crucial for timely medical intervention. In this study, we propose a
quantitative and label-free method for human CAP identification using multiphoton microscopy
(MPM) and three-dimensional (3D) image analysis techniques. By detecting the intrinsic MPM
signals, the microstructures of collagen and elastin fibers within normal and CAP-lesioned human
coronary artery walls were imaged. Using a 3D gray level co-occurrence matrix method and 3D
weighted vector summation algorithm, quantitative indicators that characterize the spatial texture
and orientation features of the fibers were extracted. We demonstrate that these indicators show
superior accuracy and repeatability over 2D texture features in CAP discrimination. Furthermore,
by combining the 3D microstructural indicators, a support vector machine model that classifies
CAP from the normal arterial wall with an accuracy of >97% was established. In conjunction
with advances in multiphoton endoscopy, the proposed method shows great potential in providing
a quantitative, label-free, and real-time tool for the early identification and risk assessment of
CAP in the future.
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1. Introduction

Coronary atherosclerotic plaque (CAP), which is formed from an accumulation of lipids inside
the artery wall together with an infiltration of monocytes and other immune cells, has attracted
significant attention in clinical and biomedical research for decades [1]. CAP rupture and
the resulting intracoronary thrombosis account for most acute coronary syndromes, including
unstable angina, myocardial infarctions, and many cases of sudden cardiac death. Thus, they have
long been considered a major cause of overall morbidity and mortality worldwide [2,3]. Early
identification and risk assessment of CAP are crucial for taking timely intervention measures to
reduce the incidence and mortality of acute coronary diseases.

Conventional clinical imaging techniques, such as computed tomography, magnetic resonance
imaging, and intravascular ultrasound, are widely used for detecting CAP-related lesions [4–7].
However, they cannot provide adequate sensitivity for early stage identification of CAP due to
limited spatial resolution [8,9]. Previous studies have shown that micron-level alterations in the
structure and texture of collagen and elastin fibers accompany the development of atherosclerotic
plaques within the inner arterial wall [10–12]. Therefore, histological characterization of these
fibers may provide effective indicators for the early identification and risk assessment of CAP.
Specific staining techniques, such as Masson’s trichrome (for collagen) and Verhoeff-Van Gieson
(VVG, for elastin), are widely used for histological inspection of collagen and elastin fibers
[13,14]. However, the method is limited to ex vivo assessment and two-dimensional morphology
characterization and involves complicated and time-consuming tissue processing procedures [15].
An intravital, high-resolution, and three-dimensional (3D) imaging method is of considerable
interest for the histological characterization of collagen and elastin fibers.

Multiphoton microscopy (MPM) based on two-photon excitation fluorescence (TPEF) and
second harmonic generation (SHG) shows great promise for meeting this demand. This technology
captures the microstructure of collagen and elastin fibers with a similar level of detail as standard
histological inspection by detecting endogenous SHG and TPEF signals, respectively [16].
Moreover, it possesses intrinsic optical sectioning ability, superior tissue penetration depth, and
reduced photobleaching and photodamage, which are significant for 3D intravital applications
[15,17]. Owing to these attractive advantages, MPM has been applied to the investigation
of atherosclerotic lesions [13]. However, the majority of these efforts have been focused on
qualitative fiber characterization. As qualitative assessment relies primarily on the researchers’
experience, there will be an inevitable degree of variability in image interpretation, which might
lead to misjudgment in diagnosis [18]. Hence, a quantitative MPM-compatible evaluation method
is desired.

Recent publications show that quantitative fiber features derived from MPM images using
two-dimensional (2D) texture analysis techniques, such as fast Fourier transform and gray level
co-occurrence matrix (GLCM), may provide potential indicators for atherosclerotic plaque
diagnosis [19–21]. However, 2D analyses miss out on microstructural information across different
depth planes. Thus, their results heavily rely on a subjective selection of imaging area and
depth when volume data are available. This would significantly degenerate the accuracy and
repeatability of CAP identification using 2D analysis. Fortunately, 3D image analysis algorithms
have emerged in clinical research [22], facilitating a comprehensive microstructural quantification
of coronary-artery fibers. Among these algorithms, the 3D GLCM (which is extended from
the traditional 2D GLCM) is recognized as the most representative algorithm for spatial texture
characterization [23–26], and thus shows potential in providing indispensable indicators for CAP
identification. Different from the 3D GLCM that extracts the overall texture feature of volume
data, another 3D image analysis technology named 3D weighted vector summation algorithm
[27] is capable of quantifying the orientation of fiber-like structures at the voxel level. The
algorithm has been demonstrated to be capable of characterizing collagen fibers, neuronal axons,
and fibroblasts in the biomedical context of cancer, traumatic brain injury, and engineered breast
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tissue [28–30]. Hence, it might be another promising method for CAP identification. Despite the
recognized potential of MPM-based 3D microstructural analysis for discerning CAP, its viability
has not been extensively evaluated in clinical settings to date.

In this study, we propose to identify CAP on the strength of the quantitative spatial mi-
crostructural features of arterial fibers obtained by combining MPM and 3D image analysis
algorithms. SHG images of collagen fibers and TPEF images dominated by elastin fibers were
simultaneously obtained from human coronary artery specimens. 3D quantitative indicators that
characterize the spatial intensity heterogeneity, symmetry, structural isotropy, and directional
alignment of the fibers were extracted to distinguish between CAP and normal tissue. Our results
demonstrate that these 3D indicators offer unique advantages over 2D microstructural features
in CAP identification. Furthermore, a support vector machine (SVM) model uniting the 3D
indicators was established to automatically discriminate between normal tissue and CAP lesions.
Along with advances in multiphoton endoscopy, the proposed method can potentially result in
minimally invasive, label-free, quantitative, and real-time identification and risk assessment of
CAP during its early development stage.

2. Materials and methods

2.1. Collection and preparation of human coronary artery specimens

Human coronary artery specimens used in this study were collected from nine heart transplant
patients (seven men and two women with a mean age of 47.56± 10.73 years old, one specimen
each patient) at Guangdong Provincial People’s Hospital (Guangzhou, China). After surgical
removal, the artery specimens were stored in paraformaldehyde (PFA, 4% [wt./vol.] in phosphate
buffered saline [PBS]) and subjected to en face inner-wall MPM imaging, histological inspection,
and cross-sectional large-field-of-view (FOV) MPM imaging.

For en face MPM imaging, the artery specimen was first fully opened, and then sandwiched
between a custom-designed groove filled with PBS and a glass coverslip, for observation with the
objective lens facing the inner arterial wall. MPM images were acquired from several sites per
specimen, and a total of 19 normal and 24 CAP regions were imaged.

After imaging, paraffin slices of the specimens were prepared for histological inspection.
Hematoxylin and eosin (H&E), Masson, and VVG staining were performed on consecutive slices.
H&E staining was used for histopathological diagnosis to determine whether a specific tissue
region was normal or a CAP lesion, according to the American Heart Association classification
[31]. Masson and VVG staining were used to specifically reveal collagen and elastin organizations,
respectively. The obtained fiber organizations were used as the gold standard to evaluate the
MPM imaging results.

Finally, the remaining unstained paraffin blocks were used for cross-sectional large-FOV MPM
imaging. Using paraffin blocks not only facilitates the preparation and holding of the artery cross
section, but it also prevents tissue deformation during imaging, as the human coronary artery
wall is only 1–2 mm thick.

All the experimental procedures were approved by the Ethics Committee for Human Research,
Guangdong Provincial People’s Hospital (Ethics Approval No. GDREC2018225H (R1)), and
informed consent from the patients was obtained.

2.2. Cross-sectional large-FOV MPM imaging on the entire artery wall

To capture the MPM image of an intact CAP and the surrounding context for direct comparison,
an upright MPM imaging system (A1R-MP, Nikon) was used for large-FOV imaging of the artery
cross section. The system was equipped with a Ti: sapphire laser (MaiTai eHP DeepSee, Spectra
Physics) and a 25×, 1.1 NA water-immersion objective (N25X-APO-MP, Nikon). Using the
system, SHG signals from collagen (382.5–407.5 nm) and TPEF signals primarily from elastin
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(425–495 nm) in the artery wall were collected at 790 nm excitation, and 3D large-FOV images
of 2.45 mm × 1.48 mm × 48 µm were recorded at 0.5 × 0.5 × 4 µm3/voxel dimension. For
visualization, the ImageJ (National Institutes of Health) plugin “Stack Focuser” [32] was first
used to perform focus stacking on each single-FOV 3D image stack that constitutes the large
image. Then, the PreMosa [33] was further used to correct the uneven illumination artifacts and
stitch the images automatically.

2.3. En face single-FOV MPM imaging on the inner arterial wall

To obtain angioscopy-view MPM images of the normal and CAP-lesioned tissue, a custom-made
spectrum-resolved MPM imaging system was used for en face imaging of the inner arterial wall.
A detailed description of the system can be found in our previous papers [34,35]. A femtosecond
Ti: sapphire laser (Chameleon Ultra, Coherent) was used as the excitation source. The laser
beam was first expanded and then raster scanned by a pair of galvanometer mirrors (TSH8310,
Sunny Technology) to create 2D images. After the scanners, the beam passed through a scan lens,
a tube lens, and a dichroic mirror (FF685-Di02, Semrock). Then, it was focused on the sample
using a water-immersion objective lens (XLUMPLFLN, 20×, NA 1.0, Olympus) to excite MPM
signals. The excited signals were collected in the epi-direction by the same objective and split
from the path of the excitation laser by the dichroic mirror mentioned above. A 680 nm short-pass
filter (FF01-680/SP-25, Semrock) was used to remove the residual excitation light, and then the
signals were conducted to a spectrograph through a fiber bundle. A linear-array photomultiplier
tube (PMT, PMT-16-C, Becker & Hickl GmbH) was utilized to record the signals output from
the spectrograph into 16 consecutive spectral channels. Each spectral channel covers a 12.5 nm
bandwidth, and the detectable wavelength is tunable from 345 nm to 595 nm. For 3D imaging, a
motorized actuator (KMTS25E/M, Thorlabs) was used to translate the objective axially.

En face inner-wall imaging was performed by recording spectrum-resolved 3D image stacks of
300 × 300 × 90 µm3 at 810 nm excitation and 1.2 × 1.2 × 3 µm3/voxel dimension. Based on the
3D image stacks, SHG signals from collagen (395–420 nm) and TPEF signals primarily from
elastin (432.5–595 nm) were separated according to the emission spectra for subsequent analyses.

2.4. Spatial texture analysis based on 2D and 3D GLCM

To quantify the spatial texture features of collagen and elastin fibers within CAP and the normal
inner arterial wall, a 3D GLCM algorithm was used. For a 3D image with g gray levels, the
GLCM is an estimate of the second-order joint probability p(i, j|d⃗, g) of any two voxels with
gray level i and j, which are apart from each other with a displacement vector

−→
d . Specifically,

−→
d = (dx, dy, dz), where dx, dy and dz are the distances between these two voxels along the x, y,
and z axes, respectively. As shown in Fig. 1(A),

−→
d determines the relative positions of the pair

of voxels, involving distance |
−→
d | and direction specified by two angles, azimuth α and zenith β

[36,37]. From p(i, j|d⃗, g), three texture features,

Entropy = −

g−1∑︂
i=0

g−1∑︂
j=0

p(i, j) log(p(i, j)), (1)

Cluster Shade =
g−1∑︂
i=0

g−1∑︂
j=0

(i + j − µi − µj)
3p(i, j), (2)

and

Homogeneity =
g−1∑︂
i=0

g−1∑︂
j=0

1
1 + (i − j)2

p(i, j), (3)
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were calculated to respectively characterize the intensity heterogeneity, symmetry, and structural
isotropy of the fibers, where

µi =

g−1∑︂
i=0

g−1∑︂
j=0

i · p(i, j), (4)

µj =

g−1∑︂
i=0

g−1∑︂
j=0

j · p(i, j) (5)

[38].
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Fig. 1. Definitions of key parameters involved in image analysis. (A, B) Parameters
determining the relative positions of (A) a pair of voxels in 3D GLCM or (B) a pair of pixels
in 2D GLCM algorithms. (C) Parameters determining the spatial fiber orientation in 3D
weighted vector summation algorithm. The red solid line represents the fiber of interest.
GLCM: gray level co-occurrence matrix.

For comparison, 2D GLCM analysis was also performed. The principle of the 2D GLCM
algorithm is exactly the same as the 3D GLCM, except for the dimensionality reduction. Owing
to the reduced dimension, the distance |

−→
d | is only determined by dx and dy, and the direction is

only specified by α in 2D GLCM (Fig. 1(B)).
For 3D GLCM analysis, the three texture features mentioned above were calculated with a

|
−→
d | of 3, 4, 5, and 6 voxels and a (α, β) of (0°, 45°), (0°, 135°), (-, 0°), (45°, 45°), (45°, 135°),

(90°, 45°), (90°, 135°), (135°, 45°), and (135°, 135°). Here, “-” denotes arbitrary angle. For 2D
GLCM analysis, the three features were calculated with a |

−→
d | of 3, 4, 5, and 6 pixels and an α of

0°, 45°, 90°, and 135°. For a given texture feature, the results obtained with different distances
and directions were averaged to obtain the final quantitative value for subsequent statistics,
comparisons, and classification. All of the above calculations and analyses were performed using
MATLAB (MathWorks) programming.

2.5. Spatial orientation analysis based on 3D weighted vector summation algorithm

To quantify the voxel-wise orientation of collagen and elastin fibers within the normal and
CAP-lesioned inner arterial walls, a 3D weighted vector summation algorithm was adopted.
Details of the algorithm can be found in a previous paper [27]. Initially, an approximately cubic
window is created in a 3D image to evaluate the orientation of each voxel within the window.
Then, for a given voxel, the algorithm defines all the possible vectors passing through the voxel,
weighs each vector according to the variability of voxel intensities along the vector, and finally
sums up these weighted vectors to obtain the orientation. An azimuthal angle θ in the transverse
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plane and an inclination angle φ are defined to depict the orientation in the 3D space, as shown
in Fig. 1(C). To cover all the 3D orientations, both θ and φ vary in the range of 0° to 180°. Note
that φ= 90° indicates that the fibers are parallel to the optical sections, and for the 2D case, a
single angle θ is sufficient to depict the fiber orientation [27].

In this study, a window with a size of 9 × 9 × 5 voxels (11 × 11 × 15 µm3) was created
to calculate the voxel-wise 3D fiber orientation. Color-coded θ and φ orientation maps were
generated to visually illustrate the obtained orientation. Moreover, the 3D directional variance
[28] that measures the orientation dispersion degree of an image stack was calculated to quantify
the overall fiber alignment. A lower 3D directional variance value reveals more highly aligned
fibers, while a higher one corresponds to a more random fiber alignment.

2.6. Multivariate classification model

To realize automatic and robust discrimination of normal tissue and CAP lesions, we established
a binary classification model by integrating complementary microstructural information provided
by the 3D GLCM and 3D weighted vector summation algorithm. Considering the small sample
size used in this study, the linear SVM algorithm [39] was utilized. Four preferential 3D
quantitative microstructural features, including entropy, cluster shade, homogeneity, and 3D
directional variance, of both collagen and elastin fibers (total of eight features) were chosen as
candidates for constructing the SVM classifier. To obtain the optimal classifier, we evaluated
the contribution of the eight features by screening SVM classifiers constructed based on all
possible combinations of the features. The leave-one-out cross-validation method [40] which
is suitable for datasets with small sizes, was used to evaluate the accuracy, sensitivity, and
specificity of the SVM classifier, based on the comparison between the test results and the
standard histopathological diagnosis. By plotting the true positive rate against the false positive
rate, a receiver operator characteristic (ROC) curve [41] was obtained, and the area under the
curve (AUC) value, which is a composite of accuracy, sensitivity, and specificity, was calculated.
The AUC value was taken as the ultimate evaluation criterion of the classifier’s performance to
screen out the optimal combination of the microstructural features and to obtain the best SVM
classifier.

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad Software). For
quantitative comparison of normal and CAP-lesion groups (paired data were obtained from each
patient by averaging results of multiple normal or CAP regions), a two-tailed paired t test was
used, and differences were considered to be statistically significant for P< 0.05.

3. Results and discussion

3.1. MPM imaging reveals microstructures of fibers in normal and CAP lesioned
coronary artery

To assess the ability of MPM imaging in revealing the histological characteristics of the artery for
CAP identification, we first captured a MPM image of an intact CAP and the surrounding tissue,
by performing 3D large-FOV MPM imaging on a cross section of the human coronary artery wall.
It is well known that the artery wall generally consists of three layers: the tunica intima, tunica
media, and tunica adventitia. The internal and external boundaries of the tunica media can be
roughly delineated by the inner and external elastic membranes, respectively [42]. As expected,
the typical imaging result (Fig. 2, imaging volume: 2.45 mm × 1.48 mm × 48 µm) shows that
the distribution and the microstructures of collagen and elastin fibers were revealed by the SHG
and TPEF signals, respectively. The internal and external elastic membranes could be easily
discriminated based on their unique features of linear structure and dense elastin. Demarcated
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by the two membranes, the three layers that make up the artery wall were clearly identified.
Furthermore, the CAP was identified by the relatively disorganized collagen and elastin fibers,
compared to the surrounding tissues, and the obvious intimal hyperplasia observed around it
(Fig. 2). These findings demonstrate that cross-sectional large-FOV MPM imaging can reveal
differences in the fiber structures of the CAP and the neighboring tissues in a label-free manner.

IEM

EEM

Adventitia

Intima

Media

TPEFSHG

A

B C

CAP

Fig. 2. 3D large-field-of-view MPM imaging on the cross section of human artery wall
draws a general picture of the fiber structures within CAP and surrounding tissues. (A)
Merged image of (B) SHG (collagen fibers) and (C) TPEF (dominated by elastin fibers)
signals. All the images are projections along the z axis, and the covered imaging depth is
48 µm. Scale bar: 500 µm. CAP: coronary atherosclerotic plaque; IEM: internal elastic
membrane; EEM: external elastic membrane.

As the ultimate goal of MPM imaging for CAP assessment is in vivo “optical biopsy”, we
further evaluated if angioscopy-view MPM imaging has CAP-discerning ability comparable to
that of cross-sectional large-FOV MPM imaging. The obtained 3D en face single-FOV MPM
images (Fig. 3(A)) show that the collagen and elastin fibers within the normal inner arterial
wall are orderly arranged with uniform texture and consistent orientation. By contrast, a slight
disruption of the collagen and elastin fibers was observed in the neighboring CAP region in
the form of boundary-blurred collagen fibers and partially fragmented elastin fibers. These
microstructural features are consistent with what has been observed in traditional histological
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sections (Fig. 3(B)) and the large-FOV MPM image of the artery-wall cross section (Fig. 2).
The action of proteolytic enzymes during CAP development might be the major cause of the
aforementioned alterations in arterial fibers [10,43]. Furthermore, by merging the SHG and
the TPEF images, we found that the CAP tissue has a remarkably lower ratio of TPEF to SHG,
compared with the neighboring normal inner arterial wall (Fig. 3(A)). We further confirmed
this observation by quantitative spectral analysis (Fig. 3(C) and 3(D)). This might be a result of
increased collagen synthesis by smooth muscle cells that migrate into the tunica intima during
CAP formation [44,45]. These results demonstrate that en face single-FOV MPM imaging is
adequate for capturing the differences in fiber structure and content between the normal artery
wall and the CAP tissue, thus showing great potential as an in vivo “optical biopsy” tool for CAP
assessment.

Besides, it is worth noting that the TPEF signals doesn’t completely originate from the elastin
fibers, but it is certainly dominated by the elastin signal in this study. Because among the
various tissue components of normal artery wall and CAP [1,42], only the cells and the elastin
fibers can emit distinct two-photon excitation autofluorescence at 790 nm or 810 nm excitation
wavelength that we used. Whereas the two-photon excitation autofluorescence of cells was greatly
attenuated by the sample preparation procedures, especially PFA fixation, since the signal is
metabolism-related [17]. In addition, the TPEF signal forms obvious fibrous structures (Fig. 3(A))
and shows emission spectrum (Fig. 3(C)) consistent with that of the elastin [16]. Therefore, we
equated TPEF signal to the elastin signal hereafter for convenient description.

3.2. 3D GLCM quantifies spatial texture features of collagen and elastin fibers

To further realize quantitative CAP identification, we extracted spatial texture features of collagen
and elastin fibers within CAP and the normal inner arterial wall using the 3D GLCM algorithm.
We calculated a total of 12 texture features, including energy, entropy, correlation, contrast,
variance, sum mean, inertia, cluster shade, cluster tendency, homogeneity, maximum probability,
and inverse variance [36]. Comparative analysis revealed that the difference between the normal
artery wall and the CAP tissue is statistically significant in three of the 12 texture features: entropy,
cluster shade, and homogeneity. The three features characterize the intensity heterogeneity,
symmetry, and structural isotropy of the fibers, respectively. As shown in Fig. 4, a lower value
of entropy and higher values of cluster shade and homogeneity relative to the normal inner
arterial wall were derived from the CAP tissue for both collagen and elastin fibers. The results
demonstrate that the fiber texture of both CAP and normal inner arterial wall captured by MPM
imaging can be successfully quantified by typical 3D GLCM features, and these features show
the potential to be utilized as indicators for CAP identification.

In addition, we performed 2D GLCM analysis for comparison. Typically, 2D GLCM takes the
average value of features obtained from different depths or the feature value calculated at a certain
imaging depth as a representative analysis result. Thus, we calculated the aforementioned three
texture features, entropy, cluster shade, and homogeneity at each imaging depth with parameters
equivalent to those used in 3D GLCM analysis for fair comparison. Taking elastin fiber as an
example, significant fluctuations were observed in the values of texture features as the imaging
depth increased, which made it difficult to discriminate CAP from normal tissues (Fig. 5). This
result indicates that the 2D GLCM analysis essentially correlates with the selection of imaging
depth, which may lead to remarkably decreased accuracy and repeatability of CAP evaluation,
compared with the 3D GLCM analysis.

3.3. 3D weighted vector summation algorithm quantifies spatial orientation features of
collagen and elastin fibers

In addition to the texture features, the spatial orientation features of collagen and elastin fibers
were derived using the 3D weighted vector summation algorithm to provide complementary
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Fig. 3. 3D single-field-of-view MPM imaging from the perspective of angioscopes reveals
the microstructures and the relative content of collagen and elastin fibers within the normal
and CAP lesioned human coronary artery. (A) SHG (collagen fibers), TPEF (dominated
by elastin fibers), and merged images. The digit labeled at the bottom left corner of each
panel indicates the depth. (B) H&E, Masson (for collagen), and VVG (for elastin) stained
histology images. (C) Emission spectra corresponding to (A). (D) Intensity ratio of TPEF
to SHG. The value was calculated using the emission-peak intensities as indicated by red
arrows shown in (C). The error bars denote the SEM. **: 0.001< P < 0.01, two-tailed paired
t test. Scale bars: 60 µm.
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quantitative indicators for CAP identification. Here, an azimuthal angle θ in the transverse plane
and an inclination angle φ are calculated and combined to depict the voxel-wise 3D orientation
of fibers.
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For collagen fibers visualized by SHG imaging, a relatively uniform θ orientation in the
normal inner arterial wall was revealed by color-coded orientation maps with a predominant
color of green to yellow and a probability density distribution with a distinct peak at ∼90°.
Contrastingly, a nearly random distribution of the θ orientation was observed in the CAP tissue
(Fig. 6(A) and 6(B)). In terms of the φ orientation, the color-coded orientation maps show some
features of depth dependency, especially for the normal group (Fig. 6(A)). This reflects the wavy
structure of the fibers and shows potential for quantifying the size and period of fiber waves.
The probability density distributions of φ revealed broadly similar fiber orientation features in
the normal inner arterial wall and the CAP in general (Fig. 6(A) and 6(C)). Note that a peak
at ∼90° of φ orientation was observed in both groups (Fig. 6(C)), indicating that the collagen
fibers were still arranged nearly parallel to the inner-surface of the artery wall when a CAP lesion
occurred. Furthermore, the overall fiber alignment was quantified by a 3D directional variance
of the voxel-wise orientations, and a paired comparison was performed. A higher value was
derived from the CAP lesion when compared to the normal tissue for every patient, and the
overall difference was statistically significant (Fig. 6(D)), suggesting that the feature of 3D fiber
orientation is robust enough to be a CAP indicator. Similar analysis results were obtained for
elastin fibers visualized by TPEF imaging (Fig. 7).
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Fig. 6. Spatial orientation features of collagen fibers quantified by the 3D weighted vector
summation algorithm show significant differences between normal and CAP tissues. (A)
Color-coded θ and φ orientation maps. The digit labeled at the bottom left corner of each
panel indicates the depth. The corresponding 3D directional variances are given below
the figures. (B, C) Probability density distributions of (B) θ and (C) φ orientations. (D)
3D directional variance presented in the form of paired comparison. The two data points
connected with a dashed line are from the same specimen. ***: P< 0.001, two-tailed paired
t test. Scale bar: 60 µm.
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Fig. 7. Spatial orientation features of elastin fibers quantified by the 3D weighted vector
summation algorithm show significant differences between normal and CAP tissues. (A)
Color-coded θ and φ orientation maps. The digit labeled at the bottom left corner of each
panel indicates the depth. The corresponding 3D directional variances are given below the
figures. (B, C) Probability density distributions of θ and φ orientations. (D) 3D directional
variance presented in the form of paired comparison. The two data points connected with
a dashed line are from the same specimen. **: 0.001< P < 0.01, two-tailed paired t test.
Scale bar: 60 µm.

It should be stressed that for fibers in both the normal inner arterial wall and CAP tissue,
a common case is that the φ orientation map varies with the imaging depth, while similar
θ orientation maps are acquired from all the depths (Figs. 6(A), 7(A), and 8). In this case,
2D analysis that uses a single angle θ to depict the fiber orientation cannot reveal the 3D
distribution of the fiber spatial orientation, even on integrating the results obtained at every
imaging depth. By contrast, the 3D weighted vector summation algorithm can easily achieve
comprehensive and detailed characterization of fiber spatial orientations. Benefitting from its
voxel-wise quantification ability, the method would not only contribute to CAP identification but
also provide an indispensable indicator for the early stage evaluation and risk assessment of CAP,
when combined with MPM.

In addition to the typical result that fibers within the normal inner arterial wall present a
nearly uniform θ orientation at different depths as shown above (Figs. 6(A), 7(A), and 8A), we
captured variable θ orientations in some of the nine cases (an example is shown in Fig. S1
and S2 in Supplement 1). This is expected because the imaging may not only cover the tunica
intima but also the tunica media of the artery wall. The tunica intima has a generally uniform
fiber orientation, but its thickness varies widely from patient to patient, owing to the individual
differences among them, especially in gender and age. Contrastingly, the fiber orientation of

https://doi.org/10.6084/m9.figshare.14423969
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Fig. 8. Probability density distributions of (A, B) θ and (C, D) φ orientations of collagen
fibers at different depths suggests that the 3D orientation distribution cannot be revealed
by integrating 2D orientations at every imaging depth. Different colors represent results
obtained at different depths as indicated at the top right corner of each panel.

tunica media gradually changes with depth [46,47]. Nonetheless, it is certain that the CAP shows
a more random fiber orientation than the normal inner arterial wall in general, and this feature
can be successfully derived from MPM imaging and further quantified by the 3D directional
variance (Figs. 6(D) and 7(D)).

3.4. SVM classification model integrating multivariate 3D microstructural features

The quantitative and stereo microstructural features, including entropy, cluster shade, homogeneity,
and 3D directional variance, of arterial fibers can be used as indicators for CAP identification,
as they are demonstrated to be significantly different in the normal artery and CAP. However,
owing to individual differences among patients, it is difficult to realize automatic and robust CAP
identification by merely relying on the value of a single microstructural feature.

To realize the full potential of 3D fiber microstructures in clinical diagnosis, we established a
SVM classification model by integrating the four preferential texture and orientation features
to discriminate the normal inner arterial wall from the CAP. Considering the ROC AUC value
as the indicator of SVM classifier performance, we first screened all possible combinations of
these features separately for collagen and elastin fibers. For both types of fibers, we finalized a
combination of entropy and 3D directional variance as the optimal one (Figs. 9(A) and 9(B),
Table 1). Furthermore, by integrating the features of collagen and elastin fibers and performing
similar screening as above, a combination of entropy of collagen fibers, entropy of elastin
fibers, and 3D directional variance of collagen fibers was selected to construct the best SVM
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Fig. 9. By integrating preferential 3D texture and orientation features of artery intima fibers,
the SVM classification model discriminates the CAP from normal tissue with an accuracy
of >97%. (A-C) Performance of SVM classifiers constructed based on different number
of microstructural features that were derived from (A) collagen fibers (SHG), (B) elastin
fibers (TPEF), and (C) combination of collagen and elastin fibers (SHG–TPEF). For a given
number of features, we only show the result of the best classifier. (D) ROC curves of SVM
classifiers with best performance which were screened out from (A–C).

classifier (Fig. 9(C), Table 1). Classification accuracies of 97.7%, 88.4%, and 97.7% were
achieved using the optimal SVM classifiers constructed based on collagen fibers, elastin fibers,
and integration of collagen and elastin fibers, respectively, with AUC values of 0.993, 0.967, and
0.996 (Fig. 9(D), Table 1). The collagen-based classifier showed remarkably better performance
than the elastin-based classifier, while it was slightly inferior to the collagen–elastin-based
classifier, which achieved a relatively higher sensitivity and AUC value (Fig. 9(D), Table 1).
These results demonstrate that the 3D-fiber-microstructure-based SVM classifiers, especially the
collagen-based classifier and the collagen–elastin-based classifier, show promising prospects in
clinical CAP assessment.
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Table 1. Performance of optimal SVM classifiers constructed based on SHG,
TPEF, and combination of SHG and TPEF images

SHG TPEF SHG–TPEF

Accuracy 97.7% 88.4% 97.7%

Sensitivity 95.8% 100% 95.9%

Specificity 100% 73.7% 100%

Features
Entropy, 3D
directional variance

Entropy, 3D
directional variance

SHG entropy, TPEF entropy,
SHG 3D directional variance

4. Conclusions

In summary, by combining endogenous MPM signal detection with 3D image analysis algorithms,
we proposed a label-free approach for CAP identification using the spatial microstructural
features of arterial fibers as quantitative indicators. Based on human coronary artery specimens,
we showed that the microstructures of collagen and elastin fibers within the normal artery
wall and CAP tissue can be captured by MPM imaging from the perspective of angioscopes,
without applying any exogenous contrast agent. Furthermore, we demonstrated that 3D GLCM
and 3D weighted vector summation algorithms can easily achieve comprehensive and detailed
quantification of the spatial texture and orientation features of arterial fibers, and these features
show potential as indicators for CAP identification. Finally, by using a combination of the
extracted quantitative microstructural features, we established a SVM-based classification model
with an accuracy >97%, which is promising for providing fully automated CAP identification.
Because of the difficulty in specimen collection, we only demonstrated the viability of the
proposed method for the general identification of human CAP. Nonetheless, the micron-level
characterization and automatic discrimination abilities of the method may allow early stage
evaluation, risk assessment, and multi-stage differentiation of CAP, which will be demonstrated
in our future work. There is an increasing interest in the development of multiphoton endoscopes
for clinical use [48,49]. These advances will lead to the miniaturization of the MPM in the future
for minimally invasive, label-free, quantitative, and real-time identification and risk assessment
of CAP based on the proposed method.
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